
  

Abstract—Manufacturing defects such as bulging, or overlap 

can occur when winding copper wires by winding machines. In 

this paper, the method of dynamic behavior analysis of copper 

wire is proposed. First, the deformation of copper wire on 

physical constraints is formulated considering elastoplastic 

expansion, contraction, bending, and torsional deformation. 

Next, supplying of the copper wire is modeled to reduce 

computational load and unnecessary vibration of the copper 

wire in the simulation. Finally, the dynamic behavior of the 

copper wire is simulated when it is wound by the winding 

machine. The simulation results showed that the bulging 

problem is related to core rotation speed and the tension of 

copper wire supplied.  

I. INTRODUCTION 

In the electrical machinery manufacturing industry, the 
demand for electric motor coils is increasing due to such as the 
expansion of the electric vehicle market[1]. Therefore, 
efficient production of motor coils is important. 

The efficiency of permanent magnet motors is closely 
related to manufacturing engineering. By winding at high 
density, coil resistance can be reduced, and energy losses due 
to coil heating can also be reduced. A lot of research on motor 
winding technology has been actively conducted, such as 
winding using dividing stator core structures [2] and arraying 
winding technology for continuous rectangular wire 
concentrated wound coils[3]. However, manufacturing defects 
such as bulging and overlap of copper wires, which reduce coil 
density, can occur in the winding process with winding 
machines. When such manufacturing defects occur, rewinding 
of copper wires must be performed, leading to decreased 
productivity. Furthermore, since the cause of such defects is 
not clearly understood, their solution depends on the 
experience of the machine operators. Therefore, this study 
aims to predict such defects in advance with simulation of the 
behavior of copper wires during the motor coil winding 
process. 

Prior research related to this study can be broadly divided 
into studies on deformation analysis of linear objects and 
studies on simulating the plastic deformation of metals. Fully 
nonlinear 3D modeling of linear objects by Simo et al., which 
incorporates transverse shear deformation and torsional 
warping deformation, considers large deformations using a  
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curvilinear coordinate system[4]. This approach enables the 
handling of the motion of flexible objects. The Absolute Nodal 
Coordinate (ANC) method represents large deformations of 
flexible structures using nonlinear finite elements[5,6]. 
Research using the ANC method has been prevalent in recent 
years[7], but it faces the issue of high computational load, so 
there are few studies on handling the contact between ANC 
elements or the contact between objects and ANC elements. 
Wu et al. and Zhang et al. have predicted the amount of spring-
back in the bending process of metal wires, such as copper 
wires, using the finite element method[8,9]. However, the 
above-mentioned studies do not provide predictions for wire 
elastoplastic expansion and torsion. Therefore, in this paper, it 
is proposed that a dynamic analysis method using a discrete 
model representing the elastoplastic expansion, contraction, 
bending, and torsional deformations of copper wires. As a first 
step, the bulging of copper wires as shown Fig. 1 is aimed to 
be predicted with our proposed method. It is a phenomenon 
where the winding loosens during the winding process, 
causing the copper wire to float up from the iron core. 

 

 (a) Coil after partial winding.      (b)  The bulging phenomenon. 

Figure 1. The bulging of copper wires. 

II. MODELING OF COPPER WIRE 

A. Formulation of motion 

First, a copper wire is modeled to perform dynamic 
simulation. The following three assumptions are made for the 
simulation model in this paper. At first, a finite number of 
mass points are connected by springs to represent a copper 
wire as a discrete model. Second, four deformation 
characteristics of a copper wire, such as the expanding, 
contracting, bending, and torsional deformation, are 
considered. Finally, copper wire is not deformed in the cross-
sectional direction and the cross-sectional shape of copper 
wire is always circular. 

Based on the above assumptions, a copper wire is modeled 
in Fig. 2. A copper wire is assumed to have length L, line 
density ρ, and radius r of the cross section. Since the copper 
wire is modeled discreetly in this paper, it is represented by n 
mass points and (n-1) line segments joining them. Therefore, 
the mass of each mass point M and the natural length of a line 
segment l are defined as (1).  

𝑀 =  𝜌𝐿/𝑛, 𝑙 = 𝐿/(𝑛 − 1) (1) 
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The coordinates of each mass point are expressed in the 
spatial coordinate system O − 𝑥𝑦𝑧, so the coordinates of the 

𝑖  th mass point are 𝒑𝑖 = [𝑥𝑖 𝑦𝑖 𝑧𝑖]T  (1 ≤ 𝑖 ≤ 𝑛)   The 
expanding / contracting and bending deformation are 
formulated in this coordinate system  Additionally, an object 
coordinate system P𝑖 − 𝜉𝑖𝜂𝑖𝜁𝑖   is set up to model torsional 
deformation  The object coordinate system rotates due to the 
deformation of the copper wire, which is represented by 

quaternion 𝒒𝑖 = [𝑞0,𝑖 𝑞1,𝑖 𝑞2,𝑖 𝑞3,𝑖]T   However, it is 
important to note that a constraint that the 𝜁𝑖 axis is parallel 
to the straight spring must be satisfied even if the object 
coordinate system is rotated  In this paper, this constraint is 
defined as a rotational constraint. Then, rotation around the 
𝜁𝑖 axis corresponds to the torsion of a copper wire  
 

 

Figure 2. Model diagram of a copper wire. 

The equations of motion for the translation and rotation of the 
i-th mass point are expressed as (2). 

𝑀𝒑̈𝑖 = 𝒇𝑖 ,
2

5
𝑀𝑟2𝑄𝑖𝒒̈𝑖 = 𝝉𝑖 (2) 

Here, 𝒇𝑖 represents the forces from the straight springs 
and rotating springs, and 𝝉𝑖  represents the torque from 
the torsional springs connected to the mass point. 𝑄𝑖 is 
defined as (3). 

𝑄𝑖 = [

−𝑞1,𝑖 𝑞0,𝑖 𝑞3,𝑖 −𝑞2,𝑖

−𝑞2,𝑖 −𝑞3,𝑖 𝑞0,𝑖 𝑞1,𝑖

−𝑞3,𝑖 𝑞2,𝑖 −𝑞1,𝑖 𝑞0,𝑖
] (3) 

B. Consideration of constraints 

We consider constraints that must be satisfied during 
dynamic deformation. First, quaternions must be satisfied the 
following constraint in general. 

𝑞0,𝑖
2 + 𝑞1,𝑖

2 + 𝑞2,𝑖
2 + 𝑞3,𝑖

2 = 1 (4) 

Next, to satisfy the rotational constraint, the straight spring 

between the (i1)-th point and the 𝑖 -th point must be 
orthogonal to the 𝜉𝑖-axis and the 𝜂𝑖-axis. Thus, the following 
equations must be satisfied. 

(𝒑𝑖 − 𝒑𝑖−1) ∙ 𝝃𝑖 = 0, (𝒑𝑖 − 𝒑𝑖−1) ∙  𝜼𝑖 = 0 (5) 

In this paper, the constraint stabilization method[10] is applied 
to satisfy all constraints. The constraint stabilization method 
solves the following differential equation in conjunction with 

the equation of motion when the constraint equation to be 
satisfied is 𝑅 = 0. 

𝑅̈ + 2𝜈𝑅̇ + 𝜈2𝑅 = 0 (6) 

Equation (6) can be transformed to a second-order differential 
equation of variables 𝑥𝑖, 𝑦𝑖 , 𝑧𝑖, 𝑞0,𝑖, 𝑞1,𝑖, 𝑞2,𝑖, or 𝑞3,𝑖. Then, by 

solving it simultaneously with (2), the behavior of the copper 
wire can be calculated with considering these constraints. 

C. Modeling of elastoplastic deformation 

The forces and moments on the right side of (2) are mainly 
applied to each mass point from various springs. They are 
formulated in this section. 

In this paper, assuming the copper wire as a hardening 
elastoplastic material, the plastic hysteresis in 
expanding/contracting, bending, and torsional deformations is 
modeled using two straight lines, as shown in Fig. 4. The 
plastic hysteresis shifts as shown in Fig. 5(a) to 5(c). 

 

 

Figure 3. Plastic hysteresis approximated by two lines. 

 

First, it is formulated that the force exerted on the mass 
point by the straight springs. The expansion or contraction of 
the straight springs is defined as e, and the force exerted by the 
expansion spring on the connected mass point is denoted as 
𝑓𝑒 .  The spring constant during elastic deformation is 𝑘𝑒

𝑒 , 
during plastic deformation is 𝑘𝑝

𝑒. The yield point in expanding 

deformation, namely, the expansion at which elastic 
deformation transits to plastic deformation is referred to as 𝑒𝑦𝑒. 

The yield point in contracting deformation, namely, the 
contraction at which elastic deformation transits to plastic 
deformation is referred to as 𝑒𝑦𝑐 . Let a be the expansion at 

which the straight spring first yields, and 𝐶1 is defined as 𝐶1 =
𝑎(𝑘𝑒

𝑒 − 𝑘𝑝
𝑒).  

(a) In case that 𝑒𝑦𝑐 ≤ 𝑒 ≤ 𝑒𝑦𝑒, 𝑓𝑒  is represented as follows: 

𝑓𝑒 = −𝑘𝑒
𝑒(𝑒 − 𝑒𝑦𝑒) + (𝑘𝑝

𝑒𝑒𝑦𝑐 + 𝐶1). (7) 

In this case, the point (𝑒, 𝑓𝑒) exists on the line with a slope of  
𝑘𝑒
𝑒. The yield points, 𝑒𝑦𝑐  and  𝑒𝑦𝑒, are not updated. 

(b) In case that 𝑒𝑦𝑒 < 𝑒, 𝑓𝑒 is represented as follows: 

𝒇𝒆 = −𝒌𝒑
𝒆𝒆 + 𝑪𝟏. (𝟖) 

In this case, the point ( 𝑒, 𝑓𝑒)  exists on the line of 𝑓𝑒 =
−𝑘𝑝

𝑒𝑒 + 𝐶1. Then, the yield points, 𝑒𝑦𝑐 and 𝑒𝑦𝑒, move in the 
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positive direction along the horizontal axis and 𝑒𝑦𝑒 is replaced 

as 𝑒. 

(c) In case that 𝑒 < 𝑒𝑦𝑐, 𝑓
𝑒  is represented as follows: 

𝑓𝑒 = −𝑘𝑝
𝑒𝑒 − 𝐶1. (9) 

In this case, the point ( 𝑒, 𝑓𝑒)  exists on the line of 𝑓𝑒 =
−𝑘𝑝

𝑒𝑒 − 𝐶1. Then, the yield points, 𝑒𝑦𝑐 and 𝑒𝑦𝑒, move in the 

negative direction along the horizontal axis and 𝑒𝑦𝑐 is replaced 

as 𝑒. 

 

 

(a) 𝑒𝑦𝑐 ≤ 𝑒 ≤ 𝑒𝑦𝑒 

 

(b) 𝑒𝑦𝑒 < 𝑒 

 

(c)  𝑒 < 𝑒𝑦𝑐 

Figure 4. Absolute value of  𝑓𝑒 in cases (a)-(c).  

Next, plastic deformation in bending is considered. Let  be 

the rotation angle of the rotational spring, and 𝑚𝑏  be the 
magnitude of the moment generated by the rotational spring 
around the mass point. The spring constant during elastic 

deformation is denoted as 𝑘𝑒
𝑏 , and that during plastic 

deformation 𝑘𝑝
𝑏 . The yield point in bending deformation 

clockwise is referred to as 𝛼𝑦𝑐 and that in bending deformation 

counterclockwise 𝛼𝑦𝑎 . Let b be the angle at which the 

rotational spring first yields, and 𝐶2 is defined as 𝐶2 =
𝑏(𝑘𝑒

𝑏 − 𝑘𝑝
𝑏). The plastic hysteresis in bending deformation is 

modeled in the following cases (a) to (c) as similar to that in 
the expanding/contracting deformation: 

(a) In case that 𝛼𝑦𝑐 ≤ 𝛼 ≤ 𝛼𝑦𝑎: 

𝑚𝑏 = 𝑘𝑒
𝑏(𝛼 − 𝛼𝑦𝑐) + (𝑘𝑝

𝑏𝛼𝑦𝑎 + 𝐶2). (10) 

(b) In case that 𝛼𝑦𝑎 < 𝛼: 

𝑚𝑏 = −𝑘𝑝
𝑏𝛼 + 𝐶2. (11) 

(c) In case that 𝛼 < 𝛼𝑦𝑐: 

𝑚𝑏 = −𝑘𝑝
𝑒𝛼 − 𝐶2. (12) 

In this paper, the moment 𝑚𝑏 is divided by the length of the 
straight spring and converted into the force acting on the mass 
points at both ends of the rotational spring. 

 Finally, plastic deformation in torsional deformation is 
considered. Let θ be the rotation angle of the torsional spring 
and 𝑚𝑡  be the magnitude of the moment generated by the 
torsional spring. The spring constant during elastic 
deformation is denoted as 𝑘𝑒

𝑡 , and that during plastic 
deformation 𝑘𝑝

𝑡 . The yield point in torsional deformation 

clockwise is referred to as 𝜃𝑦𝑐, which is a negative value, and 

that in torsional deformation counterclockwise 𝜃𝑦𝑎, which is a 

positive value. Let c be the angle at which the torsional spring 

first yields, and  𝐶3 is defined as 𝐶3 = 𝑐(𝑘𝑒
𝑡 − 𝑘𝑝

𝑡 ). The plastic 

hysteresis in torsional deformation is modeled in the following 
cases (a) to (c) as similar to that in the bending deformation: 

(a) In case that 𝜃𝑦𝑐 ≤ 𝜃 ≤ 𝜃𝑦𝑎:  

𝑚𝑡 = 𝑘𝑒
𝑡(𝜃 − 𝜃𝑦𝑐) + (𝑘𝑝

𝑏𝜃𝑦𝑎 + 𝐶3). (13) 

(b) In case that 𝜃𝑦𝑎 < 𝜃: 

𝑚𝑡 = −𝑘𝑝
𝑡𝜃 + 𝐶3. (14) 

(c) In case that 𝜃 < 𝜃𝑦𝑐: 

𝑚𝑡 = −𝑘𝑝
𝑡𝜃 − 𝐶3. (15) 

The forces obtained from 𝒇𝒆 and 𝑚𝑏 are substituted into 𝒇𝑖, 
and 𝑚𝑡 is substituted into 𝝉𝒊 in (2). 

III. MODELING OF CONTACT AND FRICTION 

 To accurately simulate the process of copper wire winding 
around an iron core, it is essential to consider both the contact 
interactions between the copper wire and the iron core and the 
resulting frictional forces. In this paper, a virtual spring 
mechanism on the surface of the iron core is employed to 
represent the normal force exerted when a mass point 
encounters it, as illustrated in Fig. 3. The velocity of the j-th 
plane constituting the iron core is denoted as 𝒖𝑗, and the unit 

normal vector is denoted as 𝒏𝑗. The vertical relative velocity  

𝒗𝑣,𝑖,𝑗 and the horizontal relative velocity  𝒗ℎ,𝑖,𝑗 of the i-th mass 

point with respect to the j-th plane are expressed by the 
following equations. 
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𝒗𝑣,𝑖,𝑗 = {𝒏𝑗 ∙ (𝒑𝑖̇ −  𝒖𝑗)} 𝒏𝑗 (16) 

𝒗ℎ,𝑖,𝑗 = (𝒑𝑖̇ −  𝒖𝑗) − 𝒗𝑣,𝑖,𝑗 (17) 

Let ℎ𝑖,𝑗  be the penetration depth of the mass point into the 

plane and 𝑘𝑗 be the spring constant of the virtual spring on the 

plane.  

If 𝒗ℎ,𝑖,𝑗 ≠ 0,   the mass point is subjected to normal force 

and kinetic friction force, and the equations of motion are as 
follows. 

𝑚𝒑̈𝑖 = 𝒇𝒊 + 𝑘𝑗ℎ𝑖,𝑗𝒏𝑗 − 𝜇𝑑𝑘𝑗ℎ𝑖,𝑗
𝒗ℎ,𝑖,𝑗

|𝒗ℎ,𝑖,𝑗|
(18) 

If 𝒗ℎ,𝑖,𝑗 = 0, the equations of motion are as follows. 

𝒇𝑣,𝑖,𝑗 = (𝒏𝑗 ∙ 𝒇𝒊) 𝒏𝑗 , 𝒇ℎ,𝑖,𝑗 = 𝒇𝒊 − 𝒇𝑣,𝑖,𝑗 (19) 

𝑚𝒑̈𝑖 = 𝒇ℎ,𝑖,𝑗 + 𝑘𝑗ℎ𝑖,𝑗𝒏𝑗 (20) 

At this time, due to static friction, the mass point remains 
stationary in the horizontal direction of the plane. If 𝒇ℎ,𝑖,𝑗 
exceeds the maximum static friction force, the calculation is 
redone assuming the mass point starts moving. 

 If 𝒑𝑖, 𝒒𝑖 𝒑̇𝑖, and 𝒒̇𝑖 at time 𝑡 are given, 𝒑̈𝑖 and 𝒒̈𝑖 at time t 
can be obtained by solving the equation of motion described 
by (2). From these second-order differential values, 𝒑𝑖, 𝒒𝑖, 𝒑̇𝑖, 
and 𝒒̇𝑖  at time t+t can be predicted by applying an 
appropriate numerical solution. By repeating this process, the 
dynamic deformation of the copper wire can be predicted. In 

this paper, the Runge-Kutta-Fehlberg method, which allows t 
to be changed, is used as the numerical solution method. 

 

Figure 5. Model diagram of contact and friction. 

IV. MODELING OF SUPPLYING COPPER WIRE 

To predict the dynamic behavior of a long copper wire, the 
equations of motions concerning a large number of mass 
points must be solved repeatedly. It leads to a heavy 
computational load. To reduce such a load, it is desirable to 
model only the region of interest rather than the entire winding 
machine. Therefore, it is modeled that the behavior of a copper 
wire being pulled into the simulation area from the outside due 
to applied forces.  

First, it is assumed that a constant tension is applied to a 
copper wire outside the area. This tension is represented by 𝑭𝑇. 
The coordinates of a supply port are denoted by 𝒑𝑠. Note that 
𝒑𝑠 depends on time t because the supply port can move. 

The segment passing through the supply port is defined as 
the boundary segment. It is assumed that the boundary 
segment is connected to the n-th mass point and the (n+1)-th 
mass point, which exists outside the simulation area as shown 
in Fig. 6(a). Furthermore, the boundary segment is assumed to 
be parallel to the supply port direction and be expanded due to 
the constant tension. Then, the coordinates of the (n+1)-th 
mass point are described as follows: 

𝒑𝑛+1 = 𝒑𝑛 + (𝑙 +
|𝑭𝑇|

𝑘𝑒
) 𝜻𝑛 (21) 

In this paper, it is imposed a constraint that the direction 
𝜻𝑛+1 of the boundary segment must coincide with that 𝜻𝑛 of 
its adjacent segment. This constraint is represented as follows 
because the boundary segment must be on the supply port: 

{
 

 
(𝒑𝑛 − 𝒑𝑠) ∙ 𝝃𝑛 = 0
(𝒑𝑛 − 𝒑𝑠) ∙ 𝜼𝑛 = 0
(𝒑𝑛+1 − 𝒑𝑠) ∙ 𝝃𝑛 = 0
(𝒑𝑛+1 − 𝒑𝑠) ∙ 𝜼𝑛 = 0

(22) 

Constraints as described in (22) can be satisfied by applying 
the constraint stabilization method. 

When the (n+1)-th mass point passes through the supply 
port as the copper wire is pulled in, it is generated that a new 
boundary segment and the (n+2)-th mass point corresponding 
to a terminal one of the new boundary segment as shown in 
Fig. 6(b). The coordinates of the (n+2)-th mass point are 
described in (21) and constraints represented by (22) are 
imposed on the new boundary segment. 

By repeating the above process, the copper wire supply can 
be simulated. 

(a) Boundary segment between      (b) Adding new boundary segment. 
𝒑𝑛 and 𝒑𝑛+1. 

Figure 6. Model diagram of supplying copper wire 

V. CASE STUDY 

Using the methods described above, the behavior of the 

copper wire winding around the iron core is simulated. 

Although the actual shape of the iron core is closer to a 

rectangular prism with rounded corners, for simplicity, it is 

considered as four cylinders in this simulation. Table 1 shows 

the material properties used in the simulation. 

A constraint is applied to fix one end of the copper wire to 

a cylinder, allowing the copper wire to wind around the iron  
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TAB LE 1 .  PROPER T IES US ED IN  S IM U LAT IO N .  

Cop p er  wi r e  d i am ete r  ∅ 1.0 mm 

Lin e  d en s i t y  7.02 × 105 kg/m 

Elon ga t i on  r i g id i t y i n  e la s t i c  
d ef or ma t ion  

4.89 × 104 N 

Elon ga t i on  r i g id i t y i n  p la s t i c  

d ef or ma t ion  
1.10 × 103 N 

Ben d in g  r i g id i t y i n  e la s t i c  
d ef or ma t ion  

3.06 × 10−3 N ∙ m2 

Ben d in g  r i g id i t y i n  p la s t i c  

d ef or ma t ion  
1.13 × 10−4 N ∙ m2 

To rs ion a l  r i g id i t y i n  e la s t i c  
d ef or ma t ion  

4.32 × 10−3 N ∙ m2 

To rs ion a l  r i g id i t y i n  p la s t i c  

d ef or ma t ion  
9.0 × 10−5 N ∙ m2 

Coeff i c i en t  o f  s t a t i c  f r i c t i on  0.23 

Coeff i c i en t  o f  k in e t i c  f r i c t i o n  0.17 

C yl in d e r  d i am ete r  o f  i r on  co r e  ∅ 5.0 mm 

 

 
(a) t = 0.                                     (b) After 1/4 rotation. 
 

 
(c) After 1/2 rotation.                           (d) After 3/4 rotation. 

 

 
(e) After 1 full rotation.                   (f) After 1 and 1/4 rotation. 

Figure 7. An example of simulation results. 

core as the core rotates. This constraint can be satisfied by 

applying the constraint stabilization method. As the iron core 

rotates, the supply port moves along the axial direction of 

cylinders. As the result, the copper wire is wound in a spiral 

shape. For the purpose of examining the degree of bulging, a 

two-dimensional representation is used in this case. Fig. 7 

shows an example of the simulation results. 

As shown in Fig. 7, one end of the copper wire is always 

fixed to the iron core. The direction of the supply port changes 

following the rotation of the rectangular iron core. The copper 

wire is continuously pulled in as the iron core rotates. The 

wire is wound around the iron core without interference. 

Consequently, it is concluded that the process of the copper 

wire winding around the iron core was successfully 

simulated. 

Next, the bulging is investigated by varying the rotation 

speed of the iron core and the tension of the copper wire. It 

was selected that 600 rpm and 1200 rpm as the rotation speed, 

and 30 N and 70 N as the tension. Fig.8 shows the state of the 

copper wire after 1 and 3/4 rotations for each combination of 

parameters. Comparing Fig. 8(a) to Fig. 8(b) and Fig.8(c) to 

Fig.8(d), it was found that the bulging becomes larger as the 

tension decreases. Although the effect is smaller compared to 

tension, differences in bulging were also observed due to the 

rotation speed of the iron core.  

 

 
(a) At 1200 rpm and 30N.                   (b) At 1200 rpm and 70 N. 

 

 
(c) At 600 rpm and 30 N.                    (d) At 600 rpm and 70 N. 

Figure 8. The state of the copper wire after 1 and 3/4 rotations. 

VI. CONCLUSION 

This study aims to predict the shape of the copper wire 

during the motor coil manufacturing process and proposes a 

method for predicting the dynamic behavior of the copper 

wire as it winds around the iron core during the winding 

process. Simulation results showed that varying the rotation 
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speed of the iron core and the supply tension of the copper 

wire can change the degree of bulging. Additionally, it was 

found that the bulging is smaller at lower rotation speeds and 

larger tensions, consistent with real-world phenomena. In the 

future, the validity of the proposed method will be verified 

through comparison with actual machines, and the simulation 

results will be applied to the actual motor coil manufacturing 

process. 
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